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Introduction
Land surface energy fluxes constitute the lower boundary for the physical processes in the atmosphere. Adequate formulations and parameterization of land surface processes are thus essential for significant improvements of operational models for climate and weather predictions. Thorough testing of the surface schemes in off-line mode (i.e. decoupled from the complex interactions in the full 3D-model) has been stressed, as well as the need for tests with respect to seasonal timescales (Viterbo and Beljaars 1995; Henderson-Sellers 1996; Chen et al. 1997; Verseghy 2000) . Verseghy (2000) also emphasized the importance of addressing the ability to reproduce fluxes from homogeneous surfaces prior to tests for heterogeneous surfaces at regional and global scales. The evaluation of land surface schemes for different ecosystems has still been rather limited, because of the lack of suitable datasets.
The boreal forests at high latitudes have a great influence on the annual and seasonal climatology of the Northern Hemisphere, by reducing the otherwise high albedo of snow-covered areas during winter and by affecting the partitioning of net radiation between sensible and latent heat fluxes at all times of the year. Several experiments with global circulation models (e.g. Bonan et al. 1992 ; Thomas and Rowntree 1992; Douville and Royer 1997; Viterbo and Betts 1999) have shown that the boreal forests increase surface air temperature, latent heat flux and atmospheric moisture over the whole Northern Hemisphere compared to a deforested surface. The impact of these effects is largest in spring in the arctic and sub-arctic regions, but extends in time throughout the year and spatially towards the tropics. The boreal forests also have an important influence on the long-term budgets of atmospheric carbon dioxide and methane. Bonan et al. (1995) showed that these biochemical interactions are more important for the climate at long timescales, when redistribution of vegetation due to climate change is taken into account.
The surface scheme introduced operationally in August 1993 at the European Center for Medium-Range Weather Forecasts (ECMWF) was presented by Viterbo and Beljaars (1995) . This scheme was subsequently modified to account for soil freezing in September 1996 and for the albedo of boreal forest in December 1999 (Viterbo and Betts 1999) -and is hereafter referred to as VB95. It is based on the heat and water budgets for four active soil layers plus an additional surface layer with four sub-grid surface Technical Memorandum No.374fractions: bare soil, vegetation, snow and interception layer, with one surface temperature in common. The scheme was evaluated within the Project for Intercomparison of Land-surface Parameterization Schemes PILPS (Henderson-Sellers et al. 1993) , and was tested with data from the FIFE-experiment (First ISLSCP Field Experiment, tall grass prairie, US) (Betts et al. 1998a) , Cabauw (grassland, Netherlands) (Bosveld et al. 1998) , ARME (Amazonial Regional Meteorological Experiment, rainforest, Brazil) (Viterbo and Beljaars 1995) and recently also the BOREAS (Boreal Ecosystem-Atmosphere Study, Canada) experiments (Betts et al. 1998a) . These studies revealed a number of shortcomings in the scheme and emphasized the need for more realistic descriptions of different vegetation types (Douville 1998; van den Hurk et al. 2000) .
Consequently the land surface parameterization scheme was redesigned and a new scheme was put into operation in June 2000, hereafter referred to as the Tiled ECMWF Surface Scheme for Exchange processes over Land (TESSEL) . A description of the scheme and the most important changes can be found in van den Hurk et al. (2000) . The new scheme includes six land tiles: bare soil, high vegetation, low vegetation, high vegetation with snow beneath, snow on low vegetation, and an interception layer. The energy balance is solved separately for each tile giving individual surface temperatures for different surface fractions. The VB95 and the TESSEL schemes were evaluated in off-line mode against data from seven land surface experiments representing different climate regions and vegetation types, including a long-term dataset from the BOREAS-experiment (van den Hurk et al. 2000) . Betts et al. (1998b) and van den Hurk et al. (2000) concluded that evaporation rates over boreal forests were overestimated by the VB95 scheme in winter, and spring and summer compared to data from BOREAS. The discrepancies were mainly attributed to an overestimation of evaporation from snow and the neglect of the influence of frozen soil and vapor pressure deficit on transpiration.
Comparison of the VB95 and TESSEL schemes with long-term flux data from the BOREAS Northern Study Area (BOREAS NSA) showed significant improvements of simulated heat fluxes (van den Hurk et al. 2000) . These improvements were ascribed to the introduction of a separate energy budget for the snow layer, an additional aerodynamic resistance within the canopy above the snow layer, the limitation of water extraction in frozen soil and the inclusion of a vapor pressure deficit response function for transpiration.
The objective of the present study is to make an independent assessment of the performance and recent improvements of the ECMWF land surface scheme with respect to boreal forest using long-term flux data from the NOPEX experiment (Northern hemisphere land surface experiment, Halldin et al. 1998 Halldin et al. , 1999 . The climate of the NOPEX study area is warmer compared to the more continental climate of the BOREAS area referred to above. The annual mean air temperature is 5.5 °C (Uppsala, 1961 (Uppsala, -1990 Lundin et al. 1999 ) compared to -3.4 °C in BOREAS NSA (Thompson, Manitoba 1968 -1989 Lafleur et al. 1997 ). The largest difference in air temperature occurs during winter: the mean daily air temperatures in January are -3.6 °C and -25 °C for NOPEX and BOREAS respectively. However, the mean annual precipitation is rather similar for the two areas (527 mm in Uppsala and 536 mm in Thompson), of which the largest proportion occurs in summer and autumn. On average, summers are somewhat drier in the NOPEX area, where 59 % of the annual precipitation occurs in May-October compared to 73 % for BOREAS.
The VB95 and the TESSEL surface-schemes were evaluated based on single column runs with data from the NOPEX Central Tower Site. The models were parameterized based on the standard parameter values generally used within the operational 3D-versions of the models. Forcing and validation datasets were prepared for a three-year period (1994) (1995) (1996) and the models were run for the whole period with a 30 minute time step. We focused on comparisons with measured latent and sensible heat fluxes, which represent aggregated areal fluxes (Grelle 1997) . However, comparisons with the observed temporal variation in more local scale data (soil water content, soil temperature, ground heat flux, and stand transpiration) are also presented, since these contribute to an understanding of improvements and limitations in the present land surface scheme. In order to identify periods during which the dynamic representation of the surface was of major importance for model performance, the seasonal variation in evapotranspiration of the new and the old scheme was compared to that obtained with a simple Penman-Monteith formulation.
Material and methods

Model description
A brief description of the present (TESSEL) and previous versions (VB95) of the land-surface-scheme operational in the ECMWF will be given here. Further details can be found in Viterbo and Beljaars (1995) and van den Hurk et al. (2000) .
Both versions simulate the water and heat budgets for a vertical soil column discretized into four layers (7, 21, 72 and 189 cm in thickness), based on two coupled differential equations: the Richards equation and Fourier law of diffusion. In off-line mode both schemes are forced by near surface observed weather variables (wind speed, air temperature, air humidity, incoming shortwave and longwave radiation and precipitation). A "skin layer" (on top of the soil column) with zero heat capacity, is in instantaneous equilibrium with its forcing, i.e. the skin temperature is calculated by solving the surface energy balance equation:
where R n is the net radiation (W m -2 ), H and LE are the turbulent heat fluxes of sensible and latent heat (W m -2 ) and G is the ground heat flux (W m -2 ). R n and G are defined as positive downward and H and LE as positive upwards. The ground heat flux between the skin layer and the topsoil layer is governed by an empirical parameter, the skin layer heat conductivity, which has values corresponding to about 10-20% of the soil thermal conductivity at field capacity. Bottom boundary conditions are zero heat flux and free drainage. The aerodynamic resistances for the turbulent exchange are based on an iterative transformation of Richardson's number into the Monin-Obukhov stability parameter (z/L) (Beljaars and Holtslag 1991) . Total surface energy fluxes are the sum of fluxes from the different sub-grid surface fractions (tiles), weighted by their areal fractions.
The major changes between the VB95 and the TESSEL scheme concern the treatment and concepts for different tiles -especially with respect to snow and vegetation. The most important differences are summarized in and in Figure 1 , and are briefly commented below.
The VB95 scheme had four tiles (Table 1) for which a common skin layer temperature was calculated by solving the grid surface energy balance (Eq. 1) (Viterbo and Beljaars 1995) . In TESSEL the water and heat fluxes are calculated separately for each tile giving individual surface temperatures for each sub-grid fraction. The tiles for vegetation and snow have been differentiated into four new tiles (Table 1 ). The skin layer conductivity is now tile dependent (Figure 1 ), and the aerodynamic resistance and the vapor pressure at the surface are based on the skin temperature for each tile. Evaporation from high vegetation with snow beneath is calculated from both the canopy and the snow component, where evaporation from the snowpack is based on an additional aerodynamic resistance (Figure 1 ). Bare soil evaporation has been changed from a relative humidity concept to a surface resistance approach. In TESSEL, the snowpack (previously merged into the top soil layer) is treated as an additional layer on top of the soil column, with a specific snow temperature. The heat flux from the snow to the topsoil layer is calculated with a resistance approach. The snow albedo (which is fixed in VB95) varies with snow age (0.85-0.50), except for tiles with high vegetation with snow beneath where it is fixed to 0.20. The snow-free albedo in VB95 is time-invariant, while in TESSEL it follows a prescribed climatological cycle. In VB95 all radiation is absorbed in the skin layer, whereas in TESSEL 3-5 % of the net shortwave radiation is transmitted through the canopy (high or low) to the topsoil or the snow layer. In addition, the energy absorbed/released due to melting/freezing of soil water has been included in the soil thermal budget.
The VB95 scheme had only one set of vegetation parameters, thus representing a single type of vegetation. TESSEL has a coverage map of 15 different vegetation types (e.g. short grass, tall grass, annual crop, deciduous broad leaf trees, evergreen shrubs, evergreen needle-leaf trees). Vegetation specific values are chosen for: LAI (leaf area index), fractional vegetation coverage, minimum canopy resistance, sensitivitycoefficient for vapor pressure deficit, and root distribution. In contrast to the previous version, transpiration is also governed by vapor pressure deficit and is limited in frozen soil ( 
Field site
The central NOPEX experimental site (60.5°N, 17.29°E, alt. 45 m) on Norunda Common, about 30 km north of Uppsala, Sweden, is located in the southern part of the boreal forest zone (Halldin et al. 1998 . The surrounding area consists of 70 to 100 year-old forest dominated by Norway spruce (Picea abies) and Scots pine (Pinus sylvestris) of rather uniform height (25-30 m). The canopy has a leaf area index between 3 and 5. The soil is a deep boulder-rich sandy till of glacial origin. The region is flat and homogeneous with a maximum fetch of 6 km extending to the southwest and a minimum fetch determined by a clearing and a small lake at 1 km distance from the central mast towards the north-north west. The mean air temperature is 5.5 °C (Uppsala, 1961-90) , the mean annual precipitation is 527 mm and the mean Penman open-water evaporation is 454 mm ).
Forcing data
The continuous climate-monitoring program (CCM) at this site has been running since the beginning of June 1994. Atmospheric fluxes of heat and moisture, shortwave and longwave radiation and meteorological variables were measured in the 102 m mast, at the centre of the site. Soil moisture and temperature, soil heat flux and stem sap flow, were measured in the 70-and 100-year old forest stands as described by Lundin et al. (1999) .
Air temperature, wind speed and air humidity were obtained at 35 m height. Missing data were replaced with observations from Uppsala Airport, about 30 km south of Norunda, after corrections based on linear regression between the stations. Downward shortwave radiation was measured at 102 m height and longwave radiation at 68 m height (Mölder et al. 1999b) . For periods of missing data, longwave radiation was estimated as a function of air temperature, vapor pressure and cloudiness (Konzelmann et al. 1994) . Missing shortwave radiation was estimated with Ångström´s formula (Ångström 1924) , using cloudiness from Uppsala Airport as input. Precipitation was measured at Norunda in a small clearing with a specially Technical Memorandum No.374designed rain gauge that minimizes the systematic errors due to wind and wetting losses . However, precipitation was only measured during summer. Winter precipitation was therefore estimated from observations at Uppsala Airport made with conventional rain gauges. The precipitation was assumed to consist of snow at air temperatures below -2 °C, as rain above 2 °C, and as a mixture (linear proportions) of rain and snow at air temperatures between -2 °C and 2 °C. Winter precipitation was systematically corrected by +15 % for snowfall and +7 % for rainfall (Eriksson 1983) . In general, the meteorological forcing data are of high quality, especially during summer periods (May-October). During winter, measured air humidity was occasionally higher than could be expected from the corresponding saturated vapor pressure. For such cases, the saturated humidity value was used instead. The data, functions and instruments used for the meteorological forcing are summarized in the appendix.
Validation data
Sensible and latent heat fluxes were obtained from eddy-correlation measurements at 35 m height (Grelle and Lindroth 1996; Grelle 1997 ) using a sonic anemometer, a fast response platinum thermometer and a closed path gas analyser. The sonic anemometer was calibrated to correct for flow distortion and the turbulent fluxes were corrected for sensor inclination, signal time lag caused by the length of the sampling tube, frequency loss caused by both tube attenuation and sensor-response time, and air-density fluctuations because of sensible heat fluxes (Grelle and Lindroth 1996) . Net radiation was obtained from net radiometers at 68 (96 %) and 98 (4 %) m height (Mölder et al. 1999b ) and soil heat flux from measurements with heatflux plates at 6 cm depth at 2 locations . The sum of turbulent heat fluxes and the soil heat flux constituted 86 % of the observed net radiation, when averaged over the total available dataset ( Figure 2 ). During summer periods the accumulated energy balance closure was 96 % (Grelle and Lindroth 1996) . It should be emphasized that a full closure of the energy balance could not be expected since the observed components represent different footprint areas. The measured net radiation represents a rather limited area around the mast, whereas the eddy-correlation fluxes represent a larger footprint from different areas depending on wind direction and atmospheric stability, especially during winter (Grelle 1997) . A source area analysis following Schmid (1994) indicates that the daytime fluxes originate from an area between 50 m to 1 km from the mast, whereas the source area of the nighttime fluxes is spread up to tens of kilometres from the mast (Grelle 1997) .
Liquid soil water content and soil temperature were measured with TDR (time domain reflectometry) and thermocouples in 14 profiles at 5-6 depths down to 100 cm . The profile measurements were averaged and integrated over the depths of the model layers to generate comparable variables. The variation between soil profiles was high, especially for the soil water content.
Transpiration data were obtained from sap flow measurements on individual trees scaled to represent the average stand transpiration . Daily average values of sap flow measurements are a good estimate of daily transpiration. However, at shorter (diurnal) timescales, sap flow measurements show a significant time lag, due to the storage of water in the tree.
The validation data are summerized in Table 2 and the instruments are given in the appendix. 
Model parameterization
Model parameters were set according to values generally used within the operational 3D-version of the ECMWF model corresponding, in the case of geographically dependent parameters, to the value at the closest grid point. For the new scheme, the relative area of high and low vegetation was 0.986 and 0.014 respectively. The total fractional vegetation cover was set to 0.90 in both schemes. However, vegetation albedo, vegetation roughness length for momentum, and displacement height were based on measurements from the NOPEX area Mölder et al. 1999b , Mölder et al. 1999a . The values chosen for each of the surface schemes are summarized in Table 3 .
The surface schemes were run in off-line mode for a three-year period (1 January 1994 -19 December 1996 , at a 30 minute time step. Initial soil moisture and temperature profiles were obtained by running the model three times in sequence for the first year (1994) . The first of these runs used uniform soil profiles as initial conditions (soil moisture content = 0.323 m 3 m -3 and soil temperature = 5 °C 
Model evaluation
Simulated fluxes were compared to observed surface energy balance components, net radiation, sensible heat flux, latent heat flux and ground heat flux (Eq. 1). The comparisons focused on long-term seasonal variations. Discrepancies between simulated and measured fluxes were also examined with respect to temporal dynamics in soil temperature, soil water content, stand transpiration and the degree of atmospheric and/or surface control. The results are discussed in relation to the major recent changes of the ECMWF surface scheme and its parameterization.
The effect of a dynamic representation of the land surface is most significant when the surface control is large compared to the atmospheric forcing e.g. during droughts. Such periods were identified, by comparing the observed and simulated evapotranspiration to that obtained from a simple Penman formulation (Penman 1953) as modified by Monteith (1965) , with a constant surface resistance:
where δe is the vapor pressure deficit (Pa) at the observation height, ∆ is the slope of saturation pressure vs. Latent heat flux was calculated at daily resolution using climate data from the Norunda site, a constant surface resistance and assuming the ground heat flux to be negligible. The aerodynamic resistance was based on the same roughness values as used in the model runs, assuming neutral atmospheric stability. The surface resistance (195 s m -1 ) was inferred from calibrating the model with the observed latent heat flux , to represent the average surface control on evaporation. Periods during which the Penman-Monteith evapotranspiration was significantly higher than that obtained from the simulations and measurements demonstrate when evapotranspiration was mainly controlled by soil moisture conditions.
An additional sensitivity test was performed with the TESSEL model in order to better understand the causes of the differences between the two models and the remaining discrepancies between the TESSEL simulations and the observations. Some key parameters were varied (skin layer conductivity, roughness length for heat, minimum canopy resistance, and leaf area index), based on the findings of the original simulations.
Results
Climatic conditions
The period examined included both dry and wet summers as well as mild and cold winters. Annual precipitation (Table 4) was similar but the within year distribution differed between years ( Figure 3 ). Summer 1994 was warm and dry; summer 1995 was initially warm and humid but changed to drier conditions at the end, whereas summer 1996 was rather wet. 
Simulated and measured surface fluxes -A quick overview
Seasonal dynamics in surface energy fluxes compared significantly better with observed values when simulated with the new scheme (TESSEL) compared to the old one (VB95). Latent heat flux was systematically overestimated in winter, spring and early summer by the old scheme (Figure 4 ). The new scheme significantly improved the prediction of latent heat flux and, as a consequence, the seasonal variation in sensible heat flux was also improved ( Figure 5 ). However, the new scheme still revealed some systematic discrepancies. The sensible heat flux from the air to the surface was underestimated in winter. This discrepancy was linked to a compensating overestimation of the heat flux from the ground to the surface during the same period ( Figure 6 ). Simulated and measured net radiation agreed well in general (Figure 7 ). Discrepancies could be related to small overestimations of surface temperature in summer and albedo in winter.
Boreal-forest surface parametrization in the ECMWF model
The significance of different changes of the land surface scheme for predicted surface energy fluxes is discussed below. 
Latent heat flux -the role of snow evaporation
The VB95 scheme largely overestimated latent heat flux from the snow cover, which was the reason behind the general overestimation of latent heat flux in winter and early spring ( Figure 4 and Figure 8 ). The overestimation was worse in 1994/95, probably because of warm and humid weather with a higher frequency of neutral conditions and thus generally higher values of the exchange coefficients compared to the colder and more stable conditions in 1995/96 (Figure 8, panel c-d) . The introduction of a separate energy balance over snow covered areas and an additional aerodynamic resistance for evaporation from snow under the tree canopy (TESSEL), significantly improved the predictions of latent heat flux during these periods (Figure 4 ).
Sensible heat flux and ground heat flux
The sensible heat flux during spring and summer was significantly better reproduced by the new surface scheme compared to the previous scheme. This was mainly because the predicted latent heat flux had been improved and compensating errors in sensible heat flux were thus eliminated. In contrast, simulated and measured sensible heat flux showed some discrepancies during autumn and winter ( Figure 5 ), especially in September-December 1995. During this period the sensible heat flux from the atmosphere to the surface was significantly underestimated by both model schemes. This was most likely related to an underestimation of fluxes during stable conditions -especially during night time (Figure 9 ), which was compensated for by an overestimated upward ground heat flux. The large difference between simulated and observed ground heat flux is related to the fact that the observations represent the heat flux at the soil surface whereas the simulations represent the heat flux at the top of the canopy. In fact, the diurnal amplitude of the simulated ground heat flux agreed well with the residual of observed energy balance components ( Figure 9 , panel d) and the systematic discrepancy corresponds to the underestimation of sensible heat flux. Too much heat was taken from the soil instead of from the air to balance the negative radiation budget during cold winter nights. This suggests that the aerodynamic coupling between the surface and the atmosphere was too weak and/or the thermal skin layer conductivity was too high. A sensitivity test in which the values for skin layer conductivity and roughness length for heat were varied, showed that simulation of both ground heat flux and soil temperatures could be significantly improved. The best result was obtained by increasing the roughness length for heat by a factor 10 and reducing the skin layer conductivity to 10 % of its original value, in the same run (Table 5 ). The slope of the linear regression between simulated and observed sensible heat flux then improved from 0.73 to 0.88, while for ground heat flux the corresponding value changed from 2.4 to 1.4. The larger value of roughness length for heat is supported by results from , which show that for the NOPEX area the roughness length for heat is in the same range as that for momentum. The lack of closure in the observed energy balance (Figure 9 , panel b) may be explained by heat storage within the canopy, which is not accounted for in the measurements. 
Soil temperatures
The prediction of soil temperatures during winter was slightly improved with the new scheme (TESSEL), most likely because of changed routines for heat flux between snow and soil. Simulated soil temperatures were generally overestimated during the vegetation period and underestimated during winter by both models (Figure 10 ). This could have been caused by too large values for the soil thermal conductivity and/or the skin layer conductivity. Sensitivity tests showed substantially improved prediction of soil temperature when the skin layer conductivity was decreased (Table 5 ). The slope of the linear regression between simulated and observed soil temperatures in the uppermost soil layer (0-7 cm) changed from 1.43 to 1.03 when the skin layer conductivity was decreased to 10 % of its original value. However, this test also showed that the parameter should be kept at its original value for the snow tiles (high vegetation with snow beneath and snow on low vegetation) in order to accurately simulate snowmelt. Another source of error could be that the assumption of zero heat flux at the lower boundary of the soil profile (2.89 m) was not appropriate for the seasonal timescale. A test simulation was run in which the lower boundary zero heat flux was replaced by an annual heat flux sine wave, estimated from the measured ground heat flux. However, this did not significantly improve the simulated soil temperatures. 
Latent heat flux -the role of transpiration
The TESSEL scheme improved simulated latent heat flux just after snowmelt, because: (1) the reduction of transpiration in the presence of frozen soils was now taken into account; (2) the predicted duration of snow cover had improved (Figure 8a-b) . However, in spring 1996, the soil temperature and moisture measurements indicate that the TESSEL scheme overestimated the duration of soil frost by some weeks, at 28-100 cm depth ( Figure 10 and Figure 11 ). Grelle et al. (1999) suggested that transpiration in spring and summer 1996 was reduced because of frost-damage of roots and tissues in the foliage. The new scheme indeed correctly reduced the transpiration, but possibly partly for the wrong reason. 
-28 cm, and c) 28-100 cm (10-days averages). Measurements from 15 soil profiles were averaged and integrated over the model layer depths to represent the simulations.
The VB95 scheme overestimated latent heat flux as well as transpiration in early summer (Figure 4 and Figure 12 ). Results from the TESSEL scheme agreed well with observed values during the same period, most likely as a consequence of the increased value for minimum canopy resistance (Table 3) .
The VB95 and TESSEL models reproduced observations well in June-August 1994, when the P-M equation failed (Figure 4 ). On the other hand, both land surface schemes, especially TESSEL, underestimated the latent heat flux during the same period in 1995. The results suggest that the control of transpiration by soil moisture on the canopy resistance was efficient in 1994 whereas it was overestimated in 1995. Simulations as well as observations indicated a significant soil water deficit in both 1994 and 1995. The simulated degree of stress related to soil moisture was of similar size in both years. The difference in performance between years may have several explanations: i) In the ECMWF surface scheme, the water uptake is distributed in the profile according to a fixed rootdistribution, which will strongly affect the degree of stress. However, the stand average rootdistribution may deviate from the one assumed and may also vary between years.
ii) Some SVAT-schemes account for "compensatory uptake of water", which means that root water demand in stressed parts of a soil profile may be compensated for by higher uptake from unstressed parts of the root-zone. Jansson et al. (1999) showed that a certain degree of reallocation of the water uptake from stressed parts of the root zone to non-stressed parts, was needed to explain observed evaporation, transpiration and soil water content at the NOPEX Central Tower site in 1994.
Compensatory uptake of water and/or a different root-distribution may thus have limited the degree of stress in 1995, which was not accounted for in either of the ECMWF models. The lack of seasonal development of LAI in the model schemes may also contribute to the general pattern of closer agreement between simulated and observed values in spring and early summer followed by underestimation later in the season (Figure 12 ). For a forest of mixed pine and spruce, seasonal LAI may vary by 10-20 % (E. Cienciala, personal communication), which would correspond to about 10 Wm -2 in summertime latent heat flux for the range of the data presented in Figure 4 . In contrast to VB95, TESSEL accounts for the impact of diurnal variation in vapor pressure deficit on transpiration and thus on latent heat flux. The results indicate that the average diurnal course of latent heat flux simulated by TESSEL was slightly better during the summer period, than that simulated with the VB95 scheme ( Figure 13 ). The new scheme reproduced better the rate of change of latent heat flux in morning and evening.
During the period of concern, the relative increase of canopy resistance due to soil moisture stress in the VB95 model was about twice as high as in the TESSEL model (see f 2, Figure 14 ). The stress with respect to radiation (f 1 ) during midday was similar in both models, although the response function had been modified. The stress function due to vapor pressure deficit (f 3 ) increased the canopy resistance by about 50 % in the TESSEL scheme. Soil moisture stress had thus partly been replaced by stress related to vapor pressure deficit, which has a different temporal pattern. The total stress in the VB95 model exceeded that in the TESSEL model (Figure 14) . However, the net uptake of water was still higher in the VB95 model, because the "unstressed transpiration" governed by the minimum canopy resistance value, was higher than in the TESSEL model. A sensitivity test with the TESSEL scheme showed that a reduction of the minimum canopy resistance by 25 % reduced the discrepancies between simulated and observed fluxes, especially in summer 1995 and summer 1996. The slope of the linear regression between simulated and observed values increased from 0.80 to 0.89 and from 0.71 to 0.83 for latent heat flux and transpiration respectively (Table 5 ). Further improvements were obtained when, in addition, a seasonal variation in LAI (20 % around the mean, with a minimum in February and a maximum in August) was introduced. The regression slopes then improved to 0.945 and 0.9 for latent heat flux and transpiration respectively (Table 5) . 
Evaporation components
Total evaporation over the period of concern decreased from 1429 mm in VB95 to 1057 mm in the TESSEL simulations (1056 days). This could mainly be attributed to decreased evaporation from snow (-233 mm) and transpiration (-179 mm) and thus to the changed routines governing these components (Figure 15 ). In contrast, evaporation from bare soil increased significantly (+79 mm), as a result of the changed formulation for bare soil evaporation. Comparison with available observations indicates that the TESSEL simulation reduced evaporation and especially transpiration too much in May-October (Figure 15 ). However, due to the increased bare soil evaporation the proportion of transpiration decreased from 71 % (VB95) to 61 % (TESSEL), which compared better with the relation between observed transpiration (sap flow) and total evaporation (eddy-correlation) during this period (62 %). Total evaporation simulated by the TESSEL model agreed well with observations in November-April. Evaporation from intercepted water did not change much, but increased when expressed as a proportion of total evaporation due to the general reduction of evaporation, especially in winter. Nov-Apr 1994 and 1996 Evaporation from different components simulated by the VB95 and TESSEL models, based on 552 days May-Oct and 543 days Nov-Apr 1994 and 1996 
VB95 TESSEL
Conclusions
Single column runs showed that measured seasonal variations in surface energy fluxes for a Scandinavian boreal forest were significantly better reproduced by the new ECMWF surface scheme (TESSEL) compared to the old version. The major reasons for this are the new parameterizations of winter processes and transpiration control, which improved the simulated partitioning of net radiation into sensible and latent heat flux.
Evaporation during winter was greatly overestimated by the old scheme due to an overestimated evaporation from snow. The significant improvement in the simulated winter evaporation in the TESSEL model confirm the results obtained by van den Hurk et al. (2000) , that a more realistic representation of evaporation from snow lying under vegetation was achieved when the extinction of turbulent exchange under the canopy was taken into account. The introduction of a function, which limits transpiration in frozen soils also improved the simulated evaporation in spring. However, on some occasions an overestimation of the duration of soil frost might have compensated for other soil frost induced processes affecting water uptake by roots.
Despite the improved simulation of evaporation in winter, downward sensible heat flux was still somewhat underestimated during winter, especially at night. This was compensated for by an overestimated upward ground heat flux. The results indicate that the aerodynamic coupling between the surface and the atmosphere was too weak and/or the skin layer conductivity was too high to represent the NOPEX site. This was also confirmed by sensitivity tests.
The introduction of a higher canopy resistance representing typical boreal forest reduced the total simulated evaporation during summer to more realistic values. The TESSEL scheme also simulated diurnal variation in evapotranspiration with better accuracy, due to the inclusion of a canopy resistance response to vapor pressure deficit. The proportion of transpiration to total evaporation during summer was in much better agreement with the observations, even though the total amount of evaporation was somewhat underestimated. Transpiration was underestimated in late summer, probably because seasonal development of LAI and compensatory uptake of water was not accounted for in the model scheme. Even though total evaporation was reduced, the change from a relative humidity approach to a surface resistance approach in TESSEL considerably increased evaporation from bare soil.
Sensitivity tests showed that the ECMWF surface scheme could be further improved with respect to boreal forest areas, by introducing seasonal variations in vegetation properties (Betts et al. 1998b ) and by changing the minimum canopy resistance. Model performance would also be improved by modification of the stability correction for stable conditions and by calibration of the parameter for skin layer conductivity.
Appendix: Instruments and data processing functions
All variables and data processing functions used for the preparation of the meteorological forcing are summarized in Table A1 . Linear regression functions used for the transformation of climatic variables at Uppsala airport to the Norunda site are listed in Table A2 . Additional functions used are listed inTable A3, and the instruments are listed in Table A4 . Instruments used for the validation data are summarized in Table  A5 . Eriksson (1983) , cf. Table A3 1 CTS=NOPEX Central Tower Station, 2UA=Uppsala Airport, 3MMO=Marsta Meteorological Observatory, 4Percentage of time in the final dataset during January 1994 -December 1996 (validation period, June 1994 -December 1996 . (Eriksson, 1983) 1 N UA =Cloud cover observed at UA. 
